Introduction
Patterning techniques have been developed for mammalian cells in vitro to explore the interactions between cells and their extracellular environment. 1, 2 The culture of simplified neuronal networks is useful for understanding the dynamics of local neuronal network activities and for evaluating the effects of drug administration. [3] [4] [5] For nerve cells, patterning is important to control the direction of neurite growth because neurites play a crucial part in the direction of signal transduction.
Researchers in neuroscience and engineering fields have developed two general methods for assembling neuronal networks along defined geometries: chemical patterning with cell adhesive molecules on a substrate, such as with microcontact printing, [6] [7] [8] [9] and physical patterning using three-dimensional structures, such as with microfluidic devices. [10] [11] [12] [13] [14] Microcontact printing on surface-modified substrates has been used to immobilize cell adhesive molecules in a micron-scale pattern for the study of neurite growth. 9 The method requires the complicated process of chemical modification. The use of microfluidic devices for detailed observations of neurites and growth cones using non-fluorescent imaging, such as phase-contrast or differential interference contrast (DIC) microscopy, 11, 14 has been impeded by the effects of light refraction from microfluidic structures.
We previously described a method for controlling the direction of neurite elongation at the single-neuron level using agarose gel photothermal etching. 15, 16 This method allowed for the precise control of cell numbers and cell positions and for flexible control of the direction of neurite elongation. However, this technique required specific devices and complicated handling. In addition, this approach was not conducive to high-throughput analyses. Our subsequent work aimed to develop a straightforward culturing technique that could produce defined neural networks for which the directions of elongating neurites were controlled at the single-neuron level. Moreover, we intended to establish a scalable approach that could generate a large sample set using conventional cell seeding.
In the present study, we describe a facile micropatterning method for extending the neurites of cultured mammalian neurons along straight lines. We fabricated a polydimethylsiloxane (PDMS)-based microfluidic stamp 17 and used it to fashion a striped poly-D-lysine (PDL) micropattern. After the PDL coating was adhered to the glass surface, the PDMS microfluidics stamp was removed and rat hippocampal neurons were plated and incubated. This method offers the following advantages: (1) the simplified PDL coating avoids the need for surface modification of the stamp with chemical compounds as in microcontact printing; (2) clear microscopic observation is possible using phase-contrast or DIC imaging; and (3) the method is straightforward and scalable such that conventional cell seeding can be applied to produce many samples at once. We demonstrated that neurons are cultivated exclusively on the PDL coat area and that neurites elongate in a straight line over a 10-μm-wide PDL stripe. This micropatterning method is applicable to studies of axon guidance and synaptic propagation and to neuronal drug screening.
Experimental

PDMS stamp fabrication
Glass slides were used as substrates for microfabrication. The negative photoresist, SU-8 3025 (MicroChem), was spin-coated onto the substrate beginning at 3000 rpm with a ramp of 120 rpm/s for 25 s and then at 3000 rpm for 5 s. The SU-8-coated substrate was soft-baked at 95 C for 40 min. Subsequently, the coated substrate was covered with a photomask corresponding to the desired pattern and was exposed to ultraviolet light for 8 s. We report a simplified micropatterning method for the straight-line extension of the neurites of cultured neurons. We prepared a poly-D-lysine (PDL)-patterned surface using a polydimethylsiloxane microfluidic stamp. Hippocampal neurons were cultured on the PDL-bound substrate with the stamp removed, allowing for conventional cell seeding and detailed optical observation without fluorescent label. Cultured neurons elongated neurites along straight lines at the single-cell level and displayed spontaneous firing as detected by time-lapse imaging and Ca 2+ imaging. Notes corresponded to channels of the following widths: 10, 20, 30, 40, 50, 100, and 200 μm; these widths were selected to optimize one-way extension of neurites. The SU-8-coated substrate was subjected to a post-exposure bake at 95 C for 120 min. After cooling, the substrate was developed in a SU-8 developer for 1 min, rinsed in isopropanol solution and deionized water, and blown dry with nitrogen. Fabrication of the SU-8 template was completed with hard bakes at 150 C for 5 min and at 250 C for 15 min. The patterning stamps were fabricated from PDMS using replica molding and soft lithography. In brief, the SU-8 template was used to fabricate a positive-relief master mold. Patterning stamps were then generated by casting a mixture of PDMS prepolymer (Sylgard 184, Dow Corning) and the curing agent onto the master mold. After curing for 45 min at 90 C, the PDMS stamp was released from the master and cut to fit a 35-mm dish. To confirm the structure of the PDMS stamp, we observed the stamp surface using scanning electron microscopy (JSM-6060LV, JEOL) under an acceleration voltage of 3 kV. Reservoirs for loading the PDL solution (50 μg/ml) were punched out, and the PDMS stamp was attached to a 35-mm glass-bottomed dish. After loading the reservoirs with PDL overnight, the PDMS stamp was dried by aspiration and was removed from the dish (Fig. 1A) leaving a striped PDL pattern.
Cell culture and time-lapse imaging
Primary rat hippocampal neurons were plated on the day of isolation onto the PDL-patterned substrate. Hippocampal tissues from 18-day-old rat embryos were removed and trypsinized (0.25%) at 37 C for 15 min. Subsequently, cells were dissociated by trituration in Hank's Balanced Salt Solution (Invitrogen). The cell pellet was resuspended in 5 ml of neurobasal medium containing 2% B-27 serum-free supplement and 1% penicillin-streptomycin. Cell suspension (30 μl) was then loaded onto the PDL-patterned dish at a density of 2 × 10 6 cells/ml. Cultures were maintained under 5% CO2 in an incubator at 37 C. We monitored the linear elongation of neurites on the PDL-striped dish using an incubator microscope (LCV110, Olympus). Time-lapse images were captured every 10 min. Images were compiled and intensities were adjusted using ImageJ software.
Immunocytochemistry
Identifications of the neuron and neurite type were performed by immunofluorescence staining of the aldehyde fixed cultures. Micropatterned hippocampal neurons were fixed in 4% cold paraformaldehyde (4 C) in phosphate buffered saline (PBS) on ice for 20 min and then in cold methanol (-20 C) on ice for 10 min. Fixed cells were incubated with 0.2% Triton X-100 in PBS for 10 min and then with preblock buffer (0.05% Triton-X, 5% goat serum in PBS) at 4 C for 1 h. Cells were then exposed to the following primary antibodies in preblock buffer at 4 C for 24 h: mouse anti-synaptophysin (1:1000, Chemicon) for pre-synapse specific labeling; rabbit anti-microtubule-associated protein 2 (MAP2) (1:1000, Chemicon) for neuronal soma-and dendrite-specific labeling; and mouse anti-Tau-1 (1:1000, Chemicon) for axon-specific labeling. Cells were then treated with the following secondary antibodies in preblock buffer for 1 h at room temperature: anti-mouse 488 Alexa Fluor (1:1000, Molecular Probes, OR) and anti-rabbit 546 Alexa Fluor (1:1000, Molecular Probes). Samples also were stained with 1 μg/ml Hoechst 33258 for nucleus labeling. Following staining, cells were washed twice for 5 min each in preblock buffer and then rinsed twice in PBS. Immunostained specimens were visualized using a cooled CCD camera (ORCA II-ER, Hamamatsu Photonics K.K.).
Ca
2+ imaging
To confirm the functioning of micropatterned neurons with linearly elongated neurites, we observed Ca 2+ waves in cell somas and neurites. The culture medium was replaced with artificial cerebrospinal fluid (ACFS; in mM: 127 NaCl, 1.5 KCl, 2.4 CaCl2, 1.4 MgSO4, 10 glucose, 1.3 KH2PO4, 26 NaHCO3) containing 4 μM Oregon Green 488 BAPTA-1 (cell-permeant acetoxymethyl ester form, Molecular Probes). The cultured neurons were incubated with Oregon Green at 37 C for 60 min and then were washed and replaced with modified ACFS (in mM: 127 NaCl, 1.5 KCl, 1.2 CaCl2, 10 glucose, 1.3 KH2PO4, 26 NaHCO3) to potentiate spontaneous firings. Neurons were then observed under an inverted fluorescence microscope (Nikon, Japan) equipped with a cooled CCD camera. Fluorescence images corresponding to the intracellular Ca 2+ concentration ([Ca 2+ ]i) were recorded at a rate of 10 images/s on HDD and were analyzed using HCImage software (Hamamatsu Photonics K.K.). All recordings were obtained at 37 C.
Results and Discussion
Figure 1B(a) shows a curing PDMS stamp sheet on an SU-8 master mold. A scanning electron microscope (SEM) image of a PDMS stamp showing the linear micropattern is displayed in Fig. 1B(c) . We observed linear microchannels with widths of 10, 20, 30, 40, 50, 100, and 200 μm and a depth of 20 μm. To prevent neurites from connecting across PDL stripes, we set 60-μm intervals between PDMS microchannels. Figure 1B (b) depicts a PDMS stamp attached to a glass-bottomed 35-mm dish. PDL was dropped into inlet chambers and aspirated from outlet chambers. After drying and removing the PDMS stamp, dissociated rat hippocampal neurons were plated and cultured on the PDL-patterned dish. Very few neurons adhered in the non-PDL-coated region. In general, healthy neurons were confined to the PDL stripe pattern. Figure 1C shows fluorescent immunostaining images of 8-days-in vitro (DIV) neurons in PDL stripes of various widths. Neurite outgrowth was restricted to PDL-coated areas and did not elongate into non-PDL-coated area regardless of stripe width. Neurons also formed numerous synaptic connections between neighboring neurons in each PDL (40 μm), 0% (50 μm), and 0% (100 μm) (n = 31, 65, 36, 100, 100, and 100, respectively). stripe (Fig. 1C, red staining) . This behavior indicated that our culture method restricted neurite growth to the PDL-coated stripe and enabled healthy cultures. Moreover, neurons cultured within 10-and 20-μm-wide stripes extended linearly elongated neurites.
A goal of this study was to establish a facile approach of linear neurite patterning, thereby enabling time-lapse imaging of axon guidance and synaptic connection and facilitating the analysis of synaptic propagation. We examined the dependence of neurite morphology on PDL stripe width. Figure 2A (a) depicts a bipolar neurite elongating from a single cultured neuron along a 10-μm-wide stripe. The early axonal marker tau was detected in linearly outgrowing neurites. In particular, tau proteins were strongly expressed in axonal growth cones ( Fig. 2A(a) ). Axonal neurites were identified by Tau-1 staining and dendrites were identified by labeling MAP2. In contrast, neurons cultured on 30-μm stripes extended numerous neurites that made connections with many other neurons ( Fig. 2A(b) ). It was not possible to identify specific interconnections between two neighboring neurons. Figure 2A (b) also depicts freely elongated axons that connected with other neurons in the 30-μm PDL stripe. For stripe widths of 10, 20, and 30 μm, the percentage of linearly elongated neurites was at 90, 43, and 17%, respectively (Fig. 2B) . Neurons cultured on stripes exceeding 40 μm did not linearly extend any neurites. Our results suggest that a 10-μm-wide PDL stripe was optimal for unidirectional neurite extension according to the methods described in this study.
Time-lapse imaging of neurite elongation and synaptic connections on a 10-μm stripe indicated that neurites extended in one direction with growth cone motion and ultimately reached their counterparts extending from adjacent neurons (Fig. 3A) . Distinctions between axons and dendrites can be made using time-lapse imaging. Specifically, the first neurite that begins to grow very rapidly and in length from a given cell soma becomes the axon. 18 Single neurons cultured on 10-μm stripes had elongated bipolar neurites. In the representative neuron depicted (Fig. 3A) , the elongated neurite from the right was an axon.
To confirm the function of a patterning neuron, we observed spontaneous firing in a single cell using a Ca 2+ imaging system. After 8 DIV, a patterned single neuron on a 10-μm-wide stripe exhibited spontaneous changes in [Ca 2+ ]i. In the soma, axon shaft, and terminal, synchronized [Ca 2+ ]i changes were observed (Fig. 3B) . Patterned neurons exhibited non-oscillation periods and oscillation periods at frequencies of approximately 0.1 -1.5 Hz.
In addition, functional signal transmission was confirmed by observing synchronized [Ca 2+ ]i changes between two neurons. We also confirmed that a pattered neuron displayed healthy functioning and development. These findings illustrate that the PDL stripe pattern created using a PDMS microfluidic stamp was successful in suppressing the adhesion of neurons and neurite growth beyond the defined topographical and chemical pattern. Moreover, the 10-μm-wide PDL stripe was suitable for linear neurite elongation. Patterned neurons in culture are useful for the study of neurite elongation as well as neuronal dynamics during developmental processes because patterned neurons survived more than 3 weeks and matured normally.
Conclusions
This paper introduces a method for the extension of neurites along micropatterned straight lines in a neuronal culture. This method generates specific PDL stripes using a PDMS microfluidic stamp that enables conventional cell seeding and is removed to allow clear microscopic observation of neurons in culture. We have demonstrated that neurons can be strictly cultivated on a PDL stripe pattern and that directly-aligned neurons and directly-elongated neurites can be prepared using a stripe width of 10 μm. This method is applicable to studies regarding axon guidance and synaptic propagation as well as for preparing scalable neuronal drug screens.
